porins and Rh proteins can function as gas (CO2 and NH3) channels. The present study explores the urea, H2O, CO2, and NH3 permeability of the human urea transporter B (UT-B) (SLC14A1), expressed in Xenopus oocytes. We monitored urea uptake using [
by 25%, P f * by 30%, and (⌬pH S * )NH 3 by 100%. Molecular dynamics (MD) simulations of membrane-embedded models of UT-B identified the monomeric UT-B pores as the main conduction pathway for both H2O and NH3 and characterized the energetics associated with permeation of these species through the channel. Mutating each of two conserved threonines lining the monomeric urea pores reduced H2O and NH3 permeability. Our data confirm that UT-B has significant H2O permeability and for the first time demonstrate significant NH3 permeability. Thus the UTs become the third family of gas channels. Inhibitor and mutagenesis studies and results of MD simulations suggest that NH3 and H2O pass through the three monomeric urea channels in UT-B.
carbon dioxide transport; ammonia transport; water transport; urea transport; membrane protein GASES HAD BEEN THOUGHT TO cross biological membranes simply by dissolving in and then diffusing through the lipid phase of the membrane. Since the discovery that aquaporin 1 (AQP1) and RhAG, proteins highly expressed in the membrane of red blood cells (RBCs), are capable of transporting both carbon dioxide (CO 2 ; Refs. 4, 7, 8, 10, 35, 37) and ammonia (NH 3 ; refs. 33, 35, 38, 45) , the field of gas channels has been evolving rapidly (2) . Together, AQP1 and RhAG account for ϳ90% of the CO 2 traffic across human RBC membranes (7, 8) . AQP1 can also transport another gas relevant to RBCs, namely, nitric oxide (NO; Refs. 15, 16) . Based on these observations, it is of interest to determine if the urea transporter B (UT-B), a significant membrane protein in RBCs, might also function as a gas channel and transport CO 2 or NH 3 .
Urea transporters (UTs) belong to the SLC14 family of solute carriers and are responsible for the facilitated diffusion of urea across the plasma membranes. Humans have two UT genes: SLC14A1, which encodes UT-B, and SLC14A2, which generates splice variants UT-A1 to UT-A3. UT-A1 and UT-A3 are primarily localized in the inner medullary collecting duct (IMCD; Refs. 48, 51) , while UT-A2 is expressed in the thin descending limb of the loop of Henle (61) . These transporters recycle and thereby concentrate urea in the renal medulla and as a result indirectly promote the generation of a concentrated urine (via effects on NaCl gradients) and also allow the excretion of urea (the main nitrogenous waste) with a minimal volume of water (12) . Facilitated urea transport in both UT-A and UT-B can be inhibited by phloretin. However, only in the case of UT-B is urea transport also blocked by Hg 2ϩ or p-chloromercuribenzene sulfonate (pCMBS).
UT-B is present in the descending vasa recta of the kidney (40, 69) and also has a broad distribution throughout the body including liver (27) and brain (predominantly astrocytes; Refs. 1, 27) . A major site of UT-B expression is the RBC membrane (39, 57) , where UT-B is the basis of the Kidd blood-group antigen (39, 69) .
Yang and Verkman found that rat UT-B, when expressed at high levels in Xenopus oocytes, not only transports urea but also contributes significantly to osmotic water permeability (P f ), and this contribution is reduced by phloretin and pCMBS (71) . Sidoux-Walter et al. (47) , working with human UT-B in Xenopus oocytes, replicated the Yang-Verkman result at high levels of UT-B expression but showed that, at progressively lower levels, the P f fell off substantially before the [ 14 C]urea uptake, concluding that UT-B is permeable to H 2 O only at artificially high surface densities in the plasma membrane. However, an alternative explanation is that, at higher levels of expression, the apparent influx of the highly permeant [ 14 C]urea saturates rapidly due to depletion of [ 14 C]urea from the unstirred layer around the cell and buildup of [ 14 C]urea at the inner surface of the cell membrane. Compared with their wild-type counterparts, UT-B knockout (KO) mice have increased plasma urea, reduced urinary urea, decreased urine osmolality and urinary concentrating ability, polyuria, reduced urea and H 2 O transport in RBCs, depression, and (in mice Ͼ52-wk-old) heart blockade (26, 70) . The UT-B/AQP1 double KO (72) shows a more pronounced phenotype, with poor survival [50% die by postnatal day 10 (P10), 100% by P14], 30% reduction in body weight by P11, a decrease in the P f of RBCs that is greater than for either knockout alone, and an increased hematocrit (Hct).
The crystal structures of the bacterial homolog Desulfovibrio vulgaris UT (dvUT; Ref. 25 ) and bovine UT-B (bUT-B; Ref. 24) show that the transporters are homotrimers, reminiscent of the homotrimeric structure of AmtB (a bacterial Rh homolog; Refs. 20, 21, 73) and RhCG (a kidney-specific homolog of RhAG; Ref. 13 ) and the homotetrameric structure of aquaporins (52, 53, 55, 63, 64) . Each UT monomer consists of a front-half protomer (6 helices) and a homologous back-half protomer (6 helices) that form a monomeric, hydrophilic urea channel. In the middle of the three monomers is a hydrophobic central cavity, somewhat analogous to the central pores of Rh proteins and aquaporins. Presumably, gas-channel specificities rely on four major criteria: the chemical and physical properties of the gas and the chemical and physical properties of the pathway(s) formed by the protein. At the outset of this study, we hypothesized that H 2 O, CO 2 , and NH 3 could pass through the hydrophilic, monomeric urea channel of UT-B.
The present study, performed on human UT-B (hUT-B) expressed in Xenopus oocytes, confirms that UT-B is permeable to urea and H 2 O, and demonstrates for the first time that hUT-B is permeable to NH 3 , although not to CO 2 . Because phloretin, pCMBS, and point mutations all inhibit urea and H 2 O and NH 3 transport through hUT-B, we suspected that a common pathway is involved in the transport of these molecular species. Molecular dynamics (MD) simulations performed on membrane-bound bUT-B, the only structurally known UT-B, characterize the mechanism and reveal low free-energy barriers against H 2 O and NH 3 permeation through the monomeric pores. This analysis thus supports the conclusion that H 2 O and NH 3 most likely traverse the membrane through the monomeric urea pores of hUT-B. This NH 3 permeability could enhance the ability of RBCs to take up NH 3 in various tissues and then to off-load it in the liver for detoxification. The NH 3 permeability of hUT-B makes UTs the third family of membrane channels with demonstrated gas permeability.
MATERIALS AND METHODS

Expression in Xenopus Oocytes
cRNA synthesis. The full-length clone for hUT-B was purchased from Origene (product no. SC114602), and the DNA sequence confirmed. We used the restriction enzyme SmaI to obtain linearized hUT-B cDNA, which we purified using the QIAquick PCR purification kit (Qiagen, Valencia, CA). Transcribed capped cRNA was synthesized using the T7 mMessage mMachine Kit (Ambion, Austin, TX), followed by cRNA purification and concentration using the RNeasy MinElute RNA Cleanup Kit (Qiagen). The site directed mutants T177V and T339V were generated using the QuikChange Site-Directed Mutagenesis Kit (catalog no. 200518; Stratagene, Cedar Creek, TX) according to the manufacturer's protocol.
Isolation of Xenopus oocytes. Ovaries were surgically removed from anesthetized frogs, and oocytes were separated using a collagenase treatment (46, 56) . Stage V-VI oocytes were selected and stored until use at 18°C in OR3 medium, which was supplemented with penicillin (300 U/ml) and streptomycin (300 g/ml). The Institutional Animal Care and Use Committee (IACUC) at Case Western Reserve University approved the protocols for housing and handling of Xenopus laevis.
Microinjection of cRNAs. The day following isolation, oocytes were injected either with cRNA encoding hUT-B (25 ng given as 25 nl of a 1 ng/nl cRNA solution), the T177V or T339V mutants, or, in the case of control (i.e., "H 2O") oocytes, with sterile water (25 nl; Ambion). After injection, the oocytes were stored, at 18°C in OR3 medium supplemented with 500 U of penicillin and 500 U of streptomycin and were used in experiments 4 days after injection. We verified surface expression of hUT-B using surface biotinylation of oocytes (see below).
Solutions. The ND96 solution contained the following: 96 mM NaCl, 2 mM KCl, 1 mM MgCl 2, 1.8 mM CaCl2, and 5 mM HEPES, pH 7.50, osmolality 195 mosmol/kgH2O. For Pf assays, we used a hypotonic ND96 variant (100 mosmol/kgH2O) that contained only 43 mM NaCl. The CO2/HCO 3 Ϫ solution was identical to ND96 except that 33 mM NaHCO3 replaced 33 mM NaCl, and the solution was bubbled with 5% CO2/balanced O2. The NH3/NH 4 ϩ solution was a variant of ND96 in which we replaced 0.5 mM NaCl with 0.5 mM NH4Cl.
Surface Expression Measurements
Biotinylation. Surface biotinylation was performed using the EZLink Sulfo-NHS-Biotinylation Kit (part no. 21425; Thermo Fisher Scientific, Rockford, IL) according to the manufacturer's recommendations with some modification. Before surface tagging, the PBS (part no. 28372; Thermo Fisher Scientific) and TBS (part no. 28376; Thermo Fisher Scientific) were diluted by one-third to reduce the osmolality of the solutions to match that of our other oocyte solutions, so that the oocytes would not be exposed to a hypoosmotic condition. Groups of 30 oocytes, expressing hUT-B or the T177V or T339V mutants, or injected with H 2O, were incubated for 1 h with 5 ml of PBS plus 0.24 mg/ml EZ-link-sulfo-NHS-biotin. The reactions were quenched by addition of 250 l of the supplied Quenching Solution. The oocytes were then washed in 0.67ϫ TBS for 5 min. Cell lysis was performed by adding 300 l of lysis buffer (0.67ϫ TBS, 1% TX-100, and cOmplete Mini EDTA-free protease inhibitor tablet; part no. 04693124001; Roche, Indianapolis, IN) to the oocytes and breaking the cells by pipetting the cells up and down 30 times, using a P200 tip. The lysate was centrifuged at 3,000 g for 10 min to remove unsolubilized debris. After this step, a small aliquot of the supernatant was removed (30 -50 l) and mixed in a 1:1 ratio with 2ϫ sample buffer; this sample represents the total solubilized expression fraction. The remainder of the supernatant was mixed with 200 l of the NeutrAvidin Gel (part no. 29201; Thermo Fisher Scientific) and transferred to a Spin X column (part no. 8163; Corning, Pittston, PA). The samples were continuously mixed on a rocker platform for 1 h at room temperature. The spin columns were washed three times with lysis buffer to remove unbound contaminants, and then the biotinylated membrane proteins were eluted by applying 300 l of 2ϫ sample buffer plus 50 mM DTT. We then incubated for 1 h at room temperature on a rocker platform and then centrifuged at 1,000 g for 2 min. This final elution step represents the surface fraction.
Western blot analysis. Total and surface biotinylation samples (see above) from oocytes expressing hUT-B or the T177V or T339V mutants or injected with H 2O were separated by SDS-PAGE on 12% Tris-glycine gels (part no. EC60052BOX; Invitrogen, Grand Island, NY) at 125 V. The samples were transferred to PVDF membranes using the iBlot (part no. IB1001; Invitrogen) apparatus for 7-8 min. The membranes were washed briefly with TBST (TBS ϩ Tween 20) and then transferred to TBST plus 5% powdered milk. The membranes were probed with a polyclonal UT-B antibody (part no. SC-134144; Santa Cruz Biotechnology, Santa Cruz, CA), and detected using ECL plus Western Blotting Detection Reagents (GE Healthcare Biosciences, Pittsburgh, PA).
Physiological Measurements
Measurement of oocyte urea uptake. Oocyte urea transport activity was measured by monitoring [ 14 C]urea uptake (39) . Groups of 5-10 oocytes were incubated in ND96 plus 5 Ci of [
14 C]urea and 1 mM unlabeled urea for 0, 2, 5, and 10 min. The oocytes were then washed four times in ND96 plus 1 mM unlabeled urea. For the inhibition experiments, the oocytes were preincubated in 0.5 mM phloretin (catalog no. AC307651000; Arcos Organics, Fair Lawn, NJ) ϫ20 min or 1.0 mM pCMBS (catalog no. C367750; Toronto Research Chem-icals, North York, ON, Canada) for 10 min and then washed three times in ND96 before being exposed to the isotope. After the isotope exposure and quenching, individual oocytes were placed in 100 l of 5% SDS and lysed by pipetting up and down through a P200 pipette tip. The entire lysate was then transferred to 5 ml of scintillation fluid and analyzed for [
14 C]urea. Measurement of osmotic water permeability of oocytes. We determined P f using a volumetric assay (3, 43, 60) . Briefly, we dropped a group of up to about 12 oocytes into a Petri dish that contained the aforementioned 100 mosmol/kgH 2O solution, acquiring video images every 1-2 s and obtaining the time course of the projection area of the oocyte. In computing Pf (35), we assumed the oocyte to be a sphere with a true surface area (S) eightfold greater than that of the idealized sphere (3). For the inhibition experiments, the oocytes were preincubated in 0.5 mM phloretin or 1.0 mM pCMBS as noted above.
Measurement of surface pH. We used microelectrodes were used to monitor surface pH (pH S; Ref. 35) . Briefly, the pH electrode, with a tip diameter of 15 m, was filled at its tip with H ϩ ionophore mixture B (catalog no. 95293; Fluka Chemical, Ronkonkoma, NY) and connected to a model FD223 electrometer (World Precision Instruments, Sarasota, FL). As an extracellular reference electrode, we used a glass micropipette filled with 3 M KCl and connected, via a calomel half-cell, to a model 750 electrometer (World Precision Instruments). The electrometers were connected to electronic subtraction circuitry (made in-house), which in turn was connected to the inputs of an analog-digital converter (sampling rate was 1 per 500 ms) inside a Windows-based computer. The extracellular solution flowed at 3 ml/min. Using a MPC-200 system micromanipulator (Sutter Instrument, Novato, CA), we positioned the pH S electrode tip either in the bulk extracellular fluid or caused the tip to dimple ϳ40 m into the oocyte surface. The pHS electrode contacted the oocyte just inside the "shadow" of the flowing extracellular fluid. We continuously monitored membrane potential (Vm) using microelectrodes filled with 3 M KCl; all oocytes had initial V m values at least as negative as Ϫ40 mV. For experiments with inhibitors, we preincubated oocytes in 0.5 mM phloretin or 1 mM pCMBS as described above.
Before applying a solution containing CO 2/HCO3 Ϫ or NH3/NH 4 ϩ , we calibrated the pH S electrode with its tip in the bulk phase of the ND96 solution (pH 7.50). After returning the tip to the oocyte surface, applying the solution containing CO2 or NH3, and then allowing pHS to stabilize, we again withdrew the pH S electrode tip to the bulk phase of the CO2 or NH 3 solution (also pH 7.50). The maximum pHS excursion (⌬pHS) during the CO 2 or NH3 exposure is the maximum pHS after addition of CO 2 (or the minimum pHS after addition of NH3) minus the pHS in ND96 prevailing just before the solution change.
Statistics for physiology experiments. We present data are presented as means Ϯ SE. In comparing the difference between two means, we performed Student's t-tests (two tails). When comparing more than two means, we performed a one-way ANOVA. P Ͻ 0.05 was considered significant.
MD Simulation Protocols
All the simulations were performed using NAMD 2.9 (42) with CHARMM27 force field (31) with ⌽/⌿ cross-term map (CMAP) corrections (32) for proteins and CHARMM36 all-atom additive parameters for lipids (22) . Water was modeled as TIP3P (19) . All the simulations were maintained at 1.0 atm pressure using the Nosé-Hoover Langevin piston method (9) and at 310°K temperature using Langevin dynamics with a damping coefficient of 0.5 ps Ϫ1 applied to all nonhydrogen atoms. Short-range interactions were cut off at 12 Å with a smoothing function applied after 10 Å, and long-range electrostatic forces were calculated using the particle mesh Ewald (PME) method (6) at a grid density of Ͼ1 Å Ϫ3 . Bonded, nonbonded, and PME calculations were performed at 2-, 2-, and 4-fs intervals, respectively.
Potential of mean force calculations. Potential of mean force (PMF) for water permeation (the free energy profile of water moving along the pore axis) was generated using the equilibrium MD simulations for wild-type (apo-bUT-B) and double-mutant (T172V/ T334V) systems, described elsewhere (24), as well as for two singlemutant (T172V and T334V) systems prepared from the apo-bUT-B system by mutating the respective residues. The single-mutant systems were subjected to minimization for 1,000 steps followed by ϳ0.3 ns of simulation in which all the protein heavy atoms except those of the mutated residues were harmonically restrained (k ϭ 5 kcal/mol/ Å 2 ). The single-mutant systems were later simulated for 10 ns each under isothermal-isobaric (NPT) conditions. Histograms of z-coordinate positions of water within the cylindrical region of (x Ϫ x0) 2 ϩ (y Ϫ y0) 2 Ͻ r 2 , where r ϭ 10 Å and x0 and y0 are the x and y components of the center of mass (COM) of the C␣ atoms of channel-lining residues (Si, Sm, and So) of each monomer, were constructed at 0.25 Å bin width from the last 8 ns of the simulations. The PMF profiles were calculated from the histograms and were normalized with respect to the PMF at S i or So sites.
The PMF profile for ammonia (NH3) was calculated using umbrella sampling (US), initiated from the 50-ns equilibrated structure of the apo-bUT-B simulation. In each US set, 53 umbrella windows at 0.5-Å intervals were defined along the channel axis, covering a range from z ϭ Ϫ13 to ϩ13 Å with the origin (z ϭ 0) at the COM of the C ␣ atoms of channel-lining residues (from the Si, Sm, and So sites) of each monomer. The water molecule closest to the center of each window in each monomeric pore was replaced by the ligand (NH 3) to generate the starting configurations. Each window was initially minimized for 1,000 steps using the conjugated gradient algorithm. Then, a 2-ns US simulation was carried out with the position of the nitrogen atom of NH 3 being restrained only along the z-axis by a harmonic potential,
where k ϭ 3 kcal/mol/Å 2 and zi is the center of the respective window. Half-harmonic restraints, in the form of
where k c ϭ 10 kcal/mol/Å 2 , r ϭ 5 Å, and x0 and y0 are the x and y components of COM of the C␣ atoms of the residues of the Si, Sm, and So sites of each monomeric pore and were also applied to confine the sampling to a cylindrical region encompassing each monomeric pore. The z-coordinates of the nitrogen atom of NH 3 in each monomeric pore were recorded at 0.1-ps intervals. Including only the last 1.5 ns of the US simulations (15,000 data points for each monomer, each window, and each set), the weighted histogram analysis method (WHAM; Ref. 50 ) was used to reconstruct the PMF profiles at 0.25 Å bin width, which were later normalized with respect to the average PMF at S i and So sites.
RESULTS
Surface Expression
The Xenopus oocyte system has been used previously to characterize the urea and H 2 O transport properties of UTs (47, 72) . Before functionally characterizing hUT-B, we confirmed that the membrane protein is not only synthesized but also inserted into the plasma membrane. Using the membraneimpermeable reagent EZ-link-sulfo-NHS-biotin, it is possible to selectively modify and thus isolate proteins displaying lysine residues on the surface of the oocyte. The Western blot in Fig. 1 shows that oocytes injected with H 2 O have no detectable signal (lanes 1 and 2) , whereas oocytes injected with cRNA encoding hUT-B express the hUT-B protein at the surface (lanes 3 and 4) . We detected the immunoreactive hUT-B bands at 120 -130 kDa, which presumably represents a biotinylated trimeric species (monomeric MW of hUT-B, ϳ42 kDa) and is thus consistent with the biological assembly in the X-ray crystal structure of the bacterial (25) and bovine proteins (24) . Studying whole tissue samples of UT-B from rat and chimpanzee, Timmer et al. (54) observed signals at 40 -50 and ϳ100 kDa, the relative amounts of which varied considerably among tissues (54) .
Urea and Water Permeability
Our next goal was to determine the extent to which the surface expression of hUT-B increased the urea and water permeability of oocytes. 14 C]urea uptake that is indistinguishable from that at 10 min. Figure 2B summarizes [ 14 C]urea uptake data at 5 min for a larger number of experiments. These data demonstrate that oocytes expressing hUT-B have a urea uptake that is Ͼ20-fold greater than H 2 O-injected oocytes, consistent with the studies of other laboratories (71) .
Urea traverses the plasma membrane mainly via monomeric urea channels-formed by the six transmembrane ␣-helices of the UT protein (24, 25) . It is well known that UT-mediated urea transport is inhibited by phloretin (47, 71) and pCMBS (71) . Phloretin has been used extensively as an inhibitor of urea and glucose transport (30) . pCMBS is an organic mercurial compound that covalently modifies the sulfhydryl group of cysteine residues and inhibits a wide range of transporter proteins. Figure 3A summarizes the effect of the inhibitors on [ 14 C]urea uptake by oocytes either injected with H 2 O or with cRNA encoding hUT-B. In Fig. 3B , we summarize the component of [ 14 C]urea uptake that depends on the presence of hUT-B, obtained by subtracting day-matched flux data of H 2 O-injected oocytes from data of oocytes expressing hUT-B. On average, phloretin inhibits hUT-B-dependent [
14 C]urea uptake by 45% and pCMBS by 25%.
Osmotic water permeability. There is some debate as to whether UT-B is capable of conducting water. While increasing extracellular osmolality, we used video microscopy to monitor the rate of oocyte swelling and thereby compute P f . The results summarized in Fig. 4 confirm that hUT-B significantly increases the P f of oocytes, raising the rate of swelling by ϳ10-fold over the value of H 2 O-injected oocytes. Figure 5A summarizes the effects of inhibitors on P f for control oocytes and those expressing hUT-B and shows that preincubation of oocytes with phloretin or pCMBS has no significant effect on H 2 O-injected oocytes but significantly reduces the P f of oocytes expressing hUT-B. Figure 5B summarizes the inhibitor data in terms of the component of P f that requires hUT-B. This analysis shows that phloretin reduces UT-B-mediated H 2 O permeability by ϳ50% and pCMBS by ϳ30%.
CO 2 and NH 3 Permeability
We used microelectrodes positioned at the surface of the oocytes to monitor surface pH changes as we exposed oocytes to a solution containing either 5% CO 2 /33 mM HCO 3 Ϫ or 0.5 mM NH 3 /NH 4 ϩ . If a protein increases the influx of CO 2 , then pH S will transiently alkalinize (8, 34 -36) . The maximum height of the pH S spike (⌬pH S ) is a semiquantitative index of the CO 2 influx (49). Conversely, if a protein increases the influx of NH 3 , then pH S will transiently acidify. Previously, this laboratory has demonstrated that AQP1 as well as RhAG and AmtB conduct both CO 2 and NH 3 (35) . Here we find that, as we introduce CO 2 /HCO 3 Ϫ , the (⌬pH S ) CO 2 is no larger in 
(10) (10) oocytes expressing hUT-B than in those injected with H 2 O (Fig. 6A, left, and Fig. 6B ). In contrast, exposing oocytes expressing hUT-B to 0.5 mM NH 3 /NH 4 ϩ causes a negatively shifting (⌬pH S ) NH 3 , the magnitude of which is nearly twice as great as for oocytes injected with H 2 O (Fig. 6A, right, and 6C ). Thus hUT-B conducts NH 3 but not CO 2 .
To elucidate the molecular mechanism of NH 3 transport through hUT-B, we determined (⌬pH S ) NH 3 in the presence of the same inhibitors that we used in the [ 14 C]urea and P f assays. Again, we preincubated oocytes in either phloretin or pCMBS, washed, and then monitored pH S during an NH 3 /NH 4 ϩ exposure. As summarized in Fig. 7A , neither phloretin nor pCMBS significantly affect (⌬pH S ) NH 3 in H 2 O-injected oocytes. However, in oocytes expressing hUT-B, each drug substantially reduces (⌬pH S ) NH 3 . As summarized in Fig. 7B , phloretin reduces the UT-B-dependent component of (⌬pH S ) NH 3 by 70%, and pCMBS reduces this component by virtually 100%. These fractional inhibitions are larger than in either the [ 14 C]urea or P f assays.
Structural Basis and Energetics of NH 3 and H 2 O Conduction Through UT-B
To investigate the involvement of the monomeric pores in the conduction of H 2 O and NH 3 molecules as indicated by our physiological experiments and to characterize the pathway, mechanism, and energetics associated with such conduction events, we performed MD simulations on a membrane-embedded model of bUT-B, for which a high-resolution structure has been solved (24) . Here we report free-energy (PMF) profiles associated with permeation of H 2 O and NH 3 through the monomeric pores (Fig. 8) . By way of comparison, we also refer to a previous study in which we calculated the PMF associated with the permeation of urea through the monomeric pores of bUT-B trimer using US calculations (24) . That study identified two major barrier regions against urea permeation around the S m site (located between T172 and T334 of bUT-B, corresponding to T177 and T339 of hUT-B, respectively; see Fig.  8A ), with heights of ϳ5 kcal/mol at T172, and ϳ4 kcal/mol at T334 (24) , which would allow for urea transport through the pores at room temperature.
We used a similar approach here, based on MD simulations and US calculations to characterize the mechanism and energetics of permeation of H 2 O and NH 3 through the monomeric pores. We calculated the PMF for H 2 O permeation using the distribution of H 2 O molecules obtained from unbiased MD simulations and calculated the PMF for NH 3 permeation using US calculations. The free-energy profiles associated with the permeation of these small molecular species through the monomeric pores of bUT-B are shown in Fig. 8 . In both cases, the S m region, which constitutes the narrowest portion of the pore, seems to present the main energy barrier, although the barrier is rather small and easily surmountable at room temperature, allowing permeation of these species through the monomeric pores. Our simulations reveal that the bUT-B monomeric pores are permeable to H 2 O, a phenomenon that was suggested to play a role in the mechanism of urea transport (24). The PMF profile for H 2 O permeation exhibits a barrier of only ϳ2 kcal/mol at the S m site (Fig. 8B) . The PMF profile for NH 3 permeation reveals a maximum free-energy barrier of only ϳ2.2 kcal/mol at the S m site (Fig. 8C) , clearly indicating that NH 3 can permeate the channel very efficiently. Three local minima at the S m site qualitatively match between the PMF profiles of H 2 O and NH 3. The simulation predicts that the T172V/T334V double mutant results in a significant decrease in H 2 O permeation through the S m site (Fig. 8B) by constricting the pore at that region (24) . On the other hand, the single mutants raise the barrier for H 2 O permeation around the position of the mutation, still preserving some of the structure at the S m site (Fig. 8B) . Small changes of the pore size by Fig. 2A) . B: portion of uptake dependent on hUT-B. From the uptake of each hUT-B oocyte, we subtracted the mean uptake of day-matched H2O controls. Data are means Ϯ SE, with number of observations in parentheses. We performed a oneway ANOVA, followed by a Student-NewmanKeuls (SNK) analysis (P shown for individual comparisons are show). All data were obtained on the same day, from the same batch of oocytes, exposed to urea and the mean H2O data for 1 day was subtracted from everything else. Cont, control (H2O-injected) oocytes; Phlor, exposed to phloretin; pCMBS, p-chloromercuribenzene sulfonate. hydrophobic residue mutations might be sufficient also for attenuating the influx of polar urea and NH 3 . Structural analysis of the central (trimeric) cavity, together with our observation that no water penetrated into this region during the simulations, strongly suggest that the central cavity is an unlikely pathway for ammonia conduction. We attribute this observation to the hydrophobicity and physical occlusion of this cavity to both sides of the membrane.
Effect of Mutations in the NH 3 Pore
Others previously showed that, in bovine UT-B, the mutation T334V, in the selectivity filter of the monomeric urea pore, substantially reduces the transport of [ 14 C]urea (24) . We generated the analogous mutation T339V in hUT-B and measured [ 14 C]urea uptake, H 2 O permeability, and NH 3 uptake. We also mutated a s conserved threonine (T177V) in the selectivity filter. Figure 9 summarizes the results. Figure 9A , like Fig. 2B , demonstrates that hUT-B expression greatly enhances the uptake of [ 14 C]urea into the oocytes. Although the T177V mutation has no effect on urea uptake, T339V reduces urea uptake to a level only slightly greater than in H 2 O-injected oocytes. Both T177V and T339V substantially reduce channel-dependent P f (Fig. 9B ), T339V taking P f * to virtually zero. Similarly, both T177V and T339V markedly reduce channel-dependent (⌬pH S ) NH 3 ( Fig. 9C) , T339V again being the more effective. These data show that both threonine residues are crucial for the movement of H 2 O and NH 3 through UT-B. However, T177 appears not to be critical for urea. It is likely that the T339V reduces the diameter of the monomeric urea channel such that it blocks the passage of urea, H 2 O, and NH 3 .
DISCUSSION
The two major observations in the present study are 1) the confirmation of the conclusion of Yang and Verkman (71, 72) that hUT-B conducts H 2 O; and 2) the novel insight that hUT-B also conducts NH 3 .
The classical view had been that all transport of gases across biological membranes occurs as the gas simply dissolves in the lipid phase of the cell membrane and then moves by simple diffusion through the lipid. This idea has been challenged since the discovery of the first gas-impermeable membrane (62) and the observation that AQP1 conducts CO 2 (5, 37), making AQP1 the first identified gas channel. Subsequent experimental work also showed that AQP1 can conduct NH 3 (38) After washing the oocytes, we measured Pf as described in Fig. 4 . B: bar graphs are corrected for the Pf of H2O-injected oocytes and thus represents the UT-B dependent Pf. Each day we determined a mean Pf for H2O-injected oocytes and subtracted this background value from the Pf of each UT-B oocyte studied on that day. We performed a one-way ANOVA, followed by a SNK analysis (P shown for individual comparisons). Fig. 6 . Surface pH (pHS) measurements in oocytes exposed to CO2/HCO 3 Ϫ or NH3/NH 4 ϩ . A, bottom: describe the basis for the observed changes in surface pH (pHS) changes upon exposure to solutions containing 5% CO2/33 mM/HCO 3 Ϫ or 0.5 mM NH3/NH 4 ϩ . In each experiment, we exposed the oocyte to CO2/HCO 3 Ϫ for 5-8 min (enough time for pHS to spike upwards and then decay to a stable value), then washed out the CO2/HCO 3 Ϫ for 10 -15 min (enough time for pHS to spike downwards and then decay to a stable values), and then finally exposed the oocyte to NH3/NH 4 ϩ . Traces in A, top, are representative pHS transients from oocytes injected with H2O or expressing hUT-B. B: bars summarize the results of a larger number of experiments, like those shown in A. We performed Student's t-test (two tailed) for statistical comparison. (16) , and simulation studies provided a structural basis and putative protein pathways for conduction of these gas species through aquaporins (65) (66) (67) .
The second family of gas channels is the Rhesus proteins, which conduct NH 3 (20, 44, 45) . In human RBCs, RhAG and the rest of the Rh complex are responsible for about half the CO 2 permeability, with AQP1 being responsible for the other half (7). Thus both AQP1 and RhAG conduct both CO 2 and NH 3 . Perhaps even more interesting is the study by Musa-Aziz et al. (35) , which demonstrated for the first time that, like ion channels, gas channels (i.e., AQPs and Rh proteins) exhibit selectivity for one gas over another (i.e., NH 3 vs. CO 2 ).
The demonstration in the present study that hUT-B conducts NH 3 makes the UTs the third family of gas channels, along with the AQPs and Rhs. Interestingly, Endeward et al. (7) demonstrated that JK null human RBCs, which lack UT-B, show no deficiency in CO 2 transport-consistent with our conclusion that hUT-B lacks appreciable CO 2 conductance (Fig. 6B) 
Insights from UT Structures
The three-dimensional structure of bacterial UT homolog dvUT, as well as the mammalian bUT-B, have been solved using X-ray crystallography (24, 25) . Both proteins are homotrimers. Moreover, purified hUT-B is thought to be a trimer as well, based on size-exclusion chromatography (24) .
At the threefold axis of symmetry of bUT-B is a large, hydrophobic central cavity, reminiscent of the central pores of AQPs (14, 17, 18, 63, 64) and rhesus proteins (13, 20, 21, 29) . However, it appears that this central cavity is poorly accessible to the extra-and intracellular aqueous phases (24) . We used the program MOLE (41) to determine if bUT-B has a continuous pore that could serve as a conduit for gas transport. The After washing the oocytes, we assayed ⌬pHS during NH3/NH 4 ϩ exposures, as described in Fig. 6 . B: bar graphs are corrected for the ⌬pHS of H2O-injected oocytes, and thus represents the UT-B-dependent maximal ⌬pHS. Each day we determined a mean ⌬pHS for H2O-injected oocytes and subtracted this background value from the ⌬pHS of each UT-B oocyte studied on that day. We performed a one-way ANOVA, followed by a SNK analysis (P shown for individual comparisons). program detects the three monomeric urea channels of bUT-B. It also detects the large central cavity and a narrow tunnel (ϳ1.5 Å in diameter) that connects the central cavity to the extracellular fluid. However, MOLE does not detect a tunnel between the central cavity and the intracellular fluid. For dvUT (25) , MOLE does not even detect either a central cavity or any tunnels. The occlusion of this central cavity is also evident from our simulations in which no transmembrane water permeation through this cavity was observed. We cannot rule out the possibility that breathing of the UT-B molecule might provide transient tunnels, broad enough to allow permeation by a gas. Nevertheless, if such transient pathways exist, they do not conduct appreciable amounts of CO 2 under the conditions of our experiments.
Each monomer contains 10 transmembrane helices, which assemble to form the urea channel. In the middle of each monomeric urea channel is a selectivity filter, with three regions: S i , S m , and, S o . This filter is postulated to exclude charged species, such as, e.g., H ϩ and NH 4 ϩ , but to allow the passage of urea and H 2 O, as demonstrated by previous studies (24, 71) , and confirmed by the present study. Figure 3B shows that we can block ϳ45% of the urea transport through hUT-B with phloretin and ϳ25% with pCMBS. Similarly, Fig. 5B shows that we can block ϳ50% of the H 2 O conductance with phloretin and 30% with pCMBS. The similar inhibitor profiles in Fig. 3B and Fig. 5B are consistent with the hypothesis that urea and H 2 O both move through the monomeric pores of hUT-B. Given the chemical similarities between H 2 O and NH 3 , one might predict that NH 3 also would move through the monomeric pores. However, it is interesting that the inhibition of NH 3 transport by phloretin (ϳ70%) and by pCMBS (ϳ100%) was substantially greater than of either urea or H 2 O transport. One explanation is that our readout of urea transport is saturated, which may lead to an underestimation of the inhibition. However, this line of reasoning does not account for the differences in inhibitor profile between NH 3 and H 2 O.
Inhibitor Sensitivity of Urea, H 2 O, and NH 3 Transport Through hUT-B
Another explanation is that phloretin and pCMBS, at least in part, reduce NH 3 transport through hUT-B by a mechanism unique for NH 3 . The molecular mechanism for NH 3 transport through rhesus proteins is thought to involve the recruitment and deprotonation of NH 4 ϩ (to yield H ϩ and NH 3 ), just above the entrance to the pore (20, 21) . After NH 3 passes through the pore, the NH 3 is reprotonated, and NH 4 ϩ diffuses away on the opposite side. In the case of RhCG, Gruswitz et al. (13) have postulated that the recruitment and deprotonation require acidic amino-acid residues on the extracellular side (E166) and intracellular side (D218, D278, and E329) of the pore. Sequence alignments of bUT-B and hUT-B reveal three conserved aspartate residues (human D138, D216, and D237) and one conserved glutamate residue (E279) near the extracellular mouth of the monomeric ammonia pore. Similarly, we identify five conserved aspartate residues (human D41, D51, D60, D113, and D172) and three conserved glutamate residues (E44, E371, and E372) near the intracellular mouth of the pore. Thus it is possible that phloretin and pCMBS, in addition to any direct blockade of the monomeric pore, interfere with the chemistry of NH 4 ϩ recruitment and deprotonation, accounting for the greater inhibition of NH 3 transport vs. urea or H 2 O transport.
Mutants and Permeation Pathway Energetics
Our inhibitor profiles (Figs. 3, 5 , and 7) and MD simulations (Fig. 9) suggest that urea, H 2 O, and NH 3 all traverse the membrane utilizing the same pathway, presumably the monomeric urea pores. To characterize the pathway of permeation further, we mutated two conserved threonine residues located in the urea pore (T177V and T339V). In bUT-B, the mutation analogous to T339V in hUT-B results in a loss of urea transport activity (24) . Indeed, in hUT-B, we obtain the same result with not only urea transport but also H 2 O and NH 3 transport. On the other hand, we find that the T177V mutation in hUT-B (anal- . 2B) . B: UT-B-dependent Pf values, as described in MATERIALS AND METHODS, we exposed oocytes to 100 mosmol/kgH2O ND96 as we observed swelling. C: UT-B-dependent changes in surface pH (pHS) elicited by exposing oocytes to 0.5 mM NH3/NH 4 ϩ . For each oocyte expressing hUT-B, T177V, or T339V, we obtained the raw parameter value {[ 14 C]urea uptake, Pf, or (⌬pHS)NH 3 } and from that subtracted the corresponding parameter value of day-matched H2O-injected controls; the result is the UT-B-dependent parameter value. In A-C, the values represent means Ϯ SE for individual oocytes, from 3 different batches of oocytes studied on 3 different days. Number of oocytes is shown in parentheses. We performed a one-way ANOVA, followed by a SNK analysis (P shown for individual comparisons).
ogous to T172V in bUT-B) has no effect on urea influx but substantially attenuates H 2 O and NH 3 transport. Understanding why the T177V mutation has no effect on urea permeability will require further investigation.
Physiological Significance
The average RBC contains ϳ14,000 copies of UT-B (28), a major function of which is to allow the intracellular fluid of the RBC to participate in the carriage of urea from the site of urea synthesis (the liver) to the site of urea excretion (the kidney).
In mice, UT-B has about the same single-channel H 2 O permeability as AQP1 (72) . However, due to its low abundance, compared with that of AQP1 (ϳ200,000 copies per cell; Ref. 28) , UT-B contributes only ϳ8% of the overall H 2 O permeability of the RBC.
As a gas channel, UT-B likely plays a role, along with AQP1 and the RhAG, in allowing the intracellular fluid of the RBC to contribute to the carriage of NH 3 from the sites of its synthesis (most cells in the body) to the sites of its detoxification (the liver). To our knowledge, the effect of the knockout of UT-B on plasma NH 3 levels has yet to be tested. We would not be surprised to see a small elevation in plasma NH 3 concentration for two reasons. First, the build-up of urea in the plasma could reduce the hepatic consumption of NH 3 in the production of urea. Second, the effective reduction in the volume of distribution for NH 3 in blood, to the extent that UT-B contributes NH 3 carriage by RBCs, could lead to higher plasma NH 3 levels. However, plasma NH 3 levels clearly do not rise to those necessary to produce hepatic encephalopathy.
In addition to its potential role in NH 3 carriage by RBCs, UT-B in the RBC membrane would reduce the reflection coefficient for urea and (along with AQP1 and RhAG) would reduce the reflection coefficient for NH 3 . In the renal medulla, these effects would reduce the effective osmolality contributed by urea and NH 3 , and thereby reduce cell-volume changes as RBCs move into and out of the renal medulla.
Hepatocytes express UT-A protein (23) , at least UT-B mRNA (54), AQP9 (58, 59) , RhCG, and RhBG (68) . AQP9 and UT proteins could contribute to hepatic urea efflux, and all five proteins, which have family members capable of NH 3 transport, could in principle contribute to hepatic NH 3 uptake. Thus it will be important to characterize the NH 3 permeability of these proteins.
Conclusion
In the present study, we have examined four transport modes of hUT-B, as heterologously expressed in Xenopus oocytes. Besides confirming that hUT-B functions as a phloretin-and pCMBS-sensitive urea channel, we provide evidence supporting the earlier contested conclusion that hUT-B functions as a phloretin-and pCMBS-sensitive H 2 O channel. In addition, we rule out hUT-B as a significant CO 2 channel but show for the first time that hUT-B is a phloretin-and pCMBS-sensitive NH 3 channel, the first evidence that a UT can function as a gas channel. The most straightforward interpretation of the inhibitor profiles, mutational studies, and MD is that urea, H 2 O, and NH 3 all pass through the same monomeric pores of hUT-B.
